The relationship of cerebral blood volume (CBV) to cerebral perfusion pressure (CPP), cerebral blood flow (CBF), and the cerebral metabolic rate for oxygen (CMRO2) was examined in rhesus monkeys. In vivo tracer methods employing radioactive oxygen-15 were used to measure CBV, CBF, and CMRO2. Cerebral perfusion pressure was decreased by raising the intracranial pressure (ICP) by infusion of artificial cerebrospinal fluid (CSF) into the cisterna magna. The production of progressive intracranial hypertension to an ICP of 70 torr (CPP of 40 torr) caused a rise in CBV accompanied by a steady CBF. With a further increase in ICP to 94 torr, CBV remained elevated without change while CBF declined significantly. Cerebral metabolic rate for oxygen did not change significantly during intracranial hypertension. For comparison, CPP was lowered by reducing mean arterial blood pressure in a second group of monkeys. Only CBF was measured in this group. In this second group of animals, the lower limit of CBF autoregulation was reached at a higher CPP (CPP ~ 80 torr) than when an increase in ICP was employed (CPP ~ 30 torr).
T
HE cerebral blood volume (CBV) has been thought to play an important role in the relationship between cerebral blood flow (CBF) and intracranial pressure (ICP). Early experiments with cortical windows demonstrated that pial vessels dilated as the ICP was increased. 5,",45 Since these experiments, it has been postulated that intracranial hypertension produces alterations in the vasomotor tone of cerebral vessels leading to progressive cerebral vascular dilatation and ultimately cerebral vasomotor paralysis. 1'~1 '24,25 In certain clinical situations with increased ICP, such as head injuries, it has been suggested that intracranial blood volume is of greater importance than cerebral edema in producing acute brain swelling. 23 Because of technical problems in measuring CBV, exact changes in CBV with increased intracranial pressure have been difficult to define.
The development of accurate methods to measure CBV in vivo 3,1~176 now permits a direct examination of the behavior of the CBV during changes in ICP. We have examined this relationship using in vivo tracer methods with radioactive oxygen-15 C50) and using residue detection. The CBV, CBF, and cerebral metabolic rate of oxygen (CMRO2) were measured at various levels of increased ICP in rhesus monkeys. For comparison, the effects of a profound decrease in CPP upon CBF produced by lowering the mean arterial blood pressure (MABP) were studied in a second group of monkeys.
Methods
Cerebral blood flow (CBF), CBV, and CMRO2 were determined by the injection of 0.2 ml of whole blood labeled with H~50, C~50-hemoglobin, and ~50-oxyhemoglobin respectively into the internal carotid artery of 14 adult rhesus monkeys. To facilitate the injection of the radioisotope into the internal carotid artery, all branches of the right external carotid artery were ligated under phencyclidine anesthesia (2 mg/kg) a minimum of 2 weeks prior to the experiments. The radioisotopes were then injected into the common carotid artery through a small (0.021 cm) catheter positioned under fluoroscopic control from the femoral artery. To prevent the development of clots in the catheter system, the animals were fully heparinized during the procedure. A 20-gauge short lumbar puncture needle was positioned in the cisterna magna under fluoroscopic control and connected to a Y-connector, simultaneously to monitor ICP and control the level of ICP.
The monkeys were anesthetized with phencyclidine (2 mg/kg), paralyzed with gallamine, and passively ventilated on 100% oxygen. The end-tidal pCO2 (pETCO2), arterial blood pressure, intracranial pressure, and rectal temperature were continuously monitored. The rectal temperature was maintained between 37~ and 38~ with a heating pad. Arterial pH, pCO~, and pO2 were measured during each set of injections.
Radioactive '50 was prepared in the Washington University Cyclotron by the irradiation of nitrogen gas containing oxygen carrier with 7 MeV deuterons. 4s
The time course of each tracer through the injected hemisphere was monitored by means of a 3 • 2 in. NaI(T1) scintillation detector appropriately collimated and positioned to insure essentially uniform detection efficiency of the hemisphere. The signal from the detector was processed by a pulse height analyzer with an energy window of acceptance adjusted symmetrically around the 511 keV photopeak (481 to 541 keV) to eliminate scattered radiation. There would, of course, be no difference in the responses arising from the use of the three different radionuclides H~50, C~50-hemoglobin, and 150-oxyhemoglobin, since all are positron emitters and are counted with identical detection efficiencies for the same counting geometry.
The accepted events (counts) per time frame were stored in the memory of a small laboratory computer. Appropriate data processing, including corrections of the count rate for electronic dead time loss, physical decay, and background and conversion to count rate (counts/sec) as a function of time were performed by the computer. Routine data retrieval was in the form of processed count rate as a function of time plotted by an X-Y plotter. Optimal temporal resolution was achieved in the initial portion of each recording by using sampling integration times of 0.1 second. Statistically smooth recordings were insured by injection of sufficient C150 -hemoglobin, '50-oxyhemoglobin, and H2150 to achieve a peak counting rate of 2000 to 5000 counts/sec for the first two tracers and 10,000 to 20,000 counts/sec for the third.
Data Analysis
The mean transit time for the diffusible tracer, H2150, was determined by a 75-second index from the clearance curve used to calculate CBF. s,32,39 The mean transit time for the vascular tracer C150-hemoglobin was determined by analysis of the clearance curve according to the technique of Zierler 4e (~ = A/Ho, where A is the area under the curve and Ho is the maximum height). Recirculation of the vascular tracer was dealt with by a logarithmic extrapolation of the monoexponential portion of the clearance curve before recirculation occurs to a nearzero value?
In the steady state CBV can be calculated from the two mean transit times with the equation:
where CBV is the vascular volume of distribution per gram of monitored tissue, X is the mean tissue-blood partition coefficient for water, Tco and T.2o are the mean transit times for C150-hemoglobin and Hs150, respectively, and f is the ratio of the mean cerebral hematocrit to the large vessel hematocrit. A value of 0.95 was used for ~. An average value of the ratio of cerebral small vessel hematocrit (Hcter) of 85% of the large vessel hematocrit was used in these studies? Cerebral blood flow was determined by residue detection of the injected bolus of labeled water) ,ss,s9 A 75-second index from the clearance curve was used to calculate CBF. This index has been shown to have an excellent correlation with the compartmental analysis of the clearance curve. 2 An analysis of the washout curve obtained by the injection of 150-oxyhemoglobin determined the CMRO2? ~ The observed changes in CBV, CBF, and CMRO2 from control values were tested for significance by the paired t-test after the data were subjected to a logarithmic transformation.
Experimental Design
Two series of experiments were carried out as follows:
Group 1 (10 Animals) . Control values of CBF, CBV, and CMRO2 were obtained at the animals' normal ICP. Cerebral perfusion pressure was decreased by infusion into the cisterna magna of artificial cerebrospinal fluid (CSF) 19 maintained at 37~ The ICP was kept constant by means of a suspended reservoir containing the artificial CSF. The resultant ICP in the cisterna magna was continuously monitored. The ICP was raised in increments of approximately 20 torr. After each increase in ICP conditions were allowed to stabilize before CBV, CBF, and CMRO2 were measured. The interval between increases in ICP was approximately 30 minutes. During the experiments the PaCOs was kept constant by adjusting the respirator to keep pEa.COs stable. At peak levels of ICP the COs reactivity of the cerebral circulation was tested in seven animals by allowing them to breathe a 10% CO2, 90% 02 mixture. These animals were allowed to breathe this mixture for 10 minutes before CBF was measured. The ICP was returned to control levels and CBV, CBF, and CMROs were measured immediately after lowering the ICP and again 30 to 60 minutes later.
Group 2 (Four Animals). Cerebral blood
flow was measured at control levels of MABP. Cerebral perfusion pressure was decreased by lowering the MABP. In two animals this was done by the intravenous administration of trimethaphan camsylate and in two by rapidly withdrawing venous blood from an indwelling catheter. The MABP was lowered in a stepwise fashion first to approximately 40 torr below control levels, then to between 50 and 60 torr, and finally to approximately 30 torr; CBF was measured at each of these levels. The MABP was then restored to control levels, and CBF was measured immediately as well as 30 to 60 minutes after restoration of the MABP. Tables 1 and 2 list the results obtained in the 10 animals in this group. The averaged values of the parameters measured are depicted in Fig, 1 . While there was some variation in the effects of increased ICP in each individual animal, significant patterns are demonstrated. As the ICP was increased, there was a highly significant decrease in CPP from control levels (p < 0.05) (Fig. 1 ). Only two of 10 animals showed a significant sustained increase in the MABP at higher levels of ICP. Several animals, however, had transient rises in the MABP of 20 to 30 torr following an acute increase in the ICP usually lasting no more than 2 to 3 minutes.
Results

Group 1
As ICP was increased, CBV progressively increased ( Fig. 1 , Table 2 ). At all levels of intracranial hypertension these increases were significant (p < 0.05 at an ICP of 31 torr, and p < 0.01 at all other ICP levels). The CBV reached a maximum at an ICP of 70 torr (CPP of 40 torr) and remained elevated as ICP was increased further.
Cerebral blood flow did not change significantly up to an ICP of 50 torr (CPP of 80 torr). In this range of ICP, one animal had a marked increase in CBF. At ICP levels between 50 and 90 torr (CPP of 80 to 40 torr), there was a mild but not significant increase in CBF. Six of seven animals with a normal resting CBF had a moderate to marked increase in CBF at these levels of ICP (50 to 90 torr). This response of CBF is demonstrated in Fig. 2 . In contrast, two of three animals with a high resting CBF had a mild to moderate decrease in CBF at these levels of ICP. This response of CBF is shown in Fig. 3 .
At levels of ICP greater than 90 (CPP less than 21 torr) there was a significant decrease in CBF (p < 0.05).
At an ICP greater than 90 torr there was a marked attenuation of the expected CO2 reactivity of the cerebral blood vessels 11 in five of the seven animals tested (Table 1 , Monkeys 5, 6, 7, 9, and 10). In two animals ( Table 1 , Monkeys 4 and 8) the changes in PaCO~ were accompanied by large changes in MABP and parallel changes in CBF; this suggested abolished CBF autoregulation rather than preserved responses to COs.
Following a rapid reduction of ICP to control levels, there was a mild, but not significant, increase in CBF compared to control values (Fig. 1) . One-half to 1 hour after the return of ICP to control levels CBF remained mildly but not significantly elevated (Fig. 1) . In two animals there was a dramatic increase in CBF after ICP was rapidly reduced (Fig.  2 ). There were no significant changes from control values in CMRO2 during intracranial hypertension and after the ICP had been returned to control levels.
Group 2
When CPP was reduced by lowering the MABP (Fig. 4, Tables 3 and 4) , CBF declined from control levels at a significantly higher CPP than when CPP was reduced by raising ICP (Fig. 5) . Thus, with acute intracranial hypertension the critical level of CPP necessary to maintain CBF was much lower than with systemic hypotension. Cerebral blood volume and CMRO2 were not measured in this group of animals.
Discussion
Cerebral Blood Volume
The concept of autoregulation of the cerebral circulation implies that CBF remains constant over a wide range of perfusion pressures. ",33 More than 40 years ago, observations through cranial windows in cats demonstrated that a rise in MABP produced a vasoconstriction of pial arterioles and a fall in MABP had the opposite effect. 8'7 These experiments formed the basis of the concept that autoregulation in the brain is accomplished by changes in the diameter and, therefore, the volume of the cerebral resistance vessels. This was confirmed by actual in vivo measurements of CBV over a wide range of blood pressures in our laboratory using the x-ray fluorescence method. 1~ A decrease in MABP produced an increase in CBV, whereas a rise in MABP caused a fall in the CBV. 1~ Indirect observations on the role of CBV in cerebral autoregulation during intracranial hypertension have revealed that lowering the CPP by increasing the ICP causes dilation of pial vessels observed through cortical windows. 5'18'42'44'45 Injection of fluid into the subarachnoid space to raise ICP produces a diffuse cortical vascular dilatation, 5,~2,",45 while an expanding subdural or epidural balloon causes vascular collapse adjacent to the balloon and dilation of cortical vessels remote from the balloon. ~5,~2 Two studies attempted directly to confirm these apparent changes in CBV. Langfitt, et al.,~5 created intracranial hypertension in cats by inflating and deflating an epidural balloon until cerebral autoregulation was abolished and the animals were in a state of extreme cerebrovascular decompensation with ICP and MABP at equal values. The animals were then killed, their heads frozen, and CBV was determined by comparing the levels of activity of previously injected 5~Cr-RBC's in the brain and the blood. In this study, CBV was always increased 30% to 700% as compared to values found in controls. Lowell and Bloor 27 reported opposite results in experiments using rhesus monkeys. In their experiments intracranial hypertension was created by expansion of an epidural balloon which unexpectedly caused a progressive decrease in CBV with the first increments of increased ICP. The most likely explanation of their results is that cerebral autoregulation was abolished in their preparation from, the very outset. When cerebral autoregulation is impaired, a progressive fall in CBF has been produced, beginning with initial increments of increased ICP. This pattern has been seen with rapid expansion of both a supratentorial balloon ~,26,s4 and with an infratentorial balloon. 18 The initial episode of inflation undoubtedly damages cerebral autoregulation as well as impairing the vascular response to COs. Such an explanation would also account for average baseline CBV of 14% noted by Lowell and Bloor, which was three to four times greater than average resting values of CBV reported by other authors, n'2~ Our experiments confirm, in vivo, the concept that dilation of cerebral vessels accompanies an increase in ICP when CBF autoregulation is intact. The production of progressive intracranial hypertension by infusion of artificial CSF into the cisterna magna caused a steady rise in CBV accompanied by a steady CBF until an ICP of 70 torr with a corresponding CPP of 40 torr was reached. At this level of ICP, the CBF was mildly, but not significantly, elevated. Further increases in ICP to a level of 90 to 96 torr produced no further increase in the CBV, which remained elevated at a similar level, but did produce a significant decrease in CBF. These data demonstrate that as long as the cerebral resistance vessels retain their capacity to dilate, CBF will be preserved despite a falling CPP. When this capacity is exhausted, CBF becomes directly dependent on CPP. During the phase of intact cerebral autoregulation in our study, the increase in CBV we observed with increasing ICP was more than twice that expected on the basis of a comparable reduction in CPP produced by a reduction in MABP. TM The explanation for this apparent disproportionate increase in CBV is not clear to us. It may be related to the apparently better preservation of autoregulation during intracranial hypertension than during systemic hypotension ( Fig. FIG. 2 . Values of CBV, CBF, CMRO2, MABP, and CPP with increased ICP and after reduction of ICP to control levels in an animal with a normal resting CBF (Monkey 6).
5)
; it may also be related to the increase in CBF observed in some animals during the initial phases of intracranial hypertension (Fig.  2 ) discussed below. The restoration of ICP to control values caused a reduction toward normal values in CBV. However, CBV remained significantly elevated, accompanied by a mild, but not significant, increase in CBF. One-half to 1 hour after ICP had been reduced this reactive hyperemia was still apparent, but both CBV and CBF were clearly returning toward control values. A similar phenomenon has been observed by other workers. Haggendal enon could occur in dogs after the CPP had been lowered to only 70 to 80 torr with no associated reduction in CBF. This may be analogous to our observation of a disproportionate increase in CBV in this range of CPP accompanied, in some animals ( Fig. 2) , by an actual increase in CBF. A reduction in CPP to this degree has been shown to be sufficient to produce an accumulation of lactate in the brain, which presumably underlies the reactive hyperemia, 8e although a cause and effect relationship has not been firmly established.
Cerebral Blood Flow
In keeping with the concept of intact cerebral autoregulation, CBF remained constant as CPP fell to 80 torr (ICP of 50 torr). At CPP levels between 80 and 30 torr (ICP of 50 to 90 torr) there was a mild but not significant increase in CBF in the averaged results of Group 1 (Fig. 1) . Within the group, however, two distinct patterns of response of CBF to decreased CPP were seen. The first pattern was seen in six of seven animals with a normal resting CBF. These animals had increases in CBF as high as 45% above control values as the lower limits of cerebral autoregulation were approached. As ICP was increased in this range, CPP steadily declined without a significant change in the MABP in CMRO2 or PaCOz. This pattern of response in this range of CPP has also been seen by Johnston, et al., ~7 in baboons when the ICP was increased by infusion of artificial CSF into the cisterna magna. In their study, there was a 26% to 85% increase in CBF. The explanation for the increase in CBF as the lower limit of autoregulation is approached is not apparent. We did not observe this pattern in any of the animals in which CPP was reduced by systemic hypotension. The use of an artificial CSF infusion to increase ICP could alter the chemical composition of the CSF, producing changes in cerebrovascular hemodynamics. However, the bicarbonate concentration (22 mEq/l) of the artificial CSF used in this experiment may, if anything, be higher than that of the brain extracellular fluid. *t If this is true its effect would be to produce a decrease in CBF, not the increase observed. 41 The remaining four animals of Group 1, three of which had a high resting CBF (Table  1 , Monkeys 3, 8, and 10), displayed a second pattern of response of the CBF to increased ICP. In these animals, CBF remained constant or decreased minimally at a CPP level of 80 to 30 torr (ICP of 50 to 90 torr). At a CPP of less than 30 torr (ICP greater than 90 torr), CBF also decreased significantly in these animals. This pattern of response has been seen when ICP is increased by expansion of an extradural balloon, 18,~2,28,~~ as well as by the infusion of artificial CSF into the cisterna magna ~'26'29'35'~7 or lumbar subarachnoid space?
The lower limit of CBF autoregulation during acute intracranial hypertension, assessed in terms of CPP, was approximately 30 torr. This is in accord with reports of several other groups. 1~'7'8' 29'7 Our observations suggest sponsiveness to acute increases in PaCO~ when the lower limit of CBF autoregulation has been exceeded. Normally in our experimental preparation CBF increases 1.8 ml/100 g m / m i n for each 1 torr increase in PaCO2. tl This was reduced to an average of 0.31 ml/100 g m / m i n in the present series when the animals (Monkeys 4 and 8) were excluded in which marked changes in M A B P were induced by COs.
The lower limit of CBF autoregulation during acute systemic hypotension was significantly higher than that observed with acute intracranial hypertension (Fig. 5) . This apparent discrepancy between the reserve capacity of the cerebral vasculature under these two different circumstances of reduced CPP has also been noted in dogs by Miller, et aL 29 Two factors may explain this observation. First, in systemic hypotension, the effective value of C P P may be overestimated when MABP in the aorta is equated with the intracranial arterial pressure in estimating CPP. Stromberg and Fox 88 found in cats a 33% loss in pressure head from the aorta to the largest surface pial arteries at an M A B P of 180 torr, while at an MABP of 50 torr there was a 39% loss in pressure across the same vessels. Second, pulsatile flow may contribute significantly to the maintenance of CBF autoregulation. Held, et al., TM found that pulsatile perfusion pressure of the brain was more effective than nonpulsatile perfusion pressure in evoking a cerebral autoregulatory response. In their experiments, pulsatile perfusion and nonpulsatile perfusion of the brain gave a similar CBF-MABP relationship, but cerebral autoregulation failed at a higher level of CBF with nonpulsatile perfusion of the brain. In intracranial hypertension with a low CPP, but normal MABP, pulsatile perfusion pressure is greater than when CPP is reduced because of systemic hypotension.
Cerebral oxidative metabolism was not affected by the levels of CPP achieved in this study. This reflects not only the effectiveness of the cerebral vasculature in accommodating the brain metabolic needs under these circumstances, but also the capacity of the brain to extract additional oxygen from blood when CBF declines significantly.
Conclusions
The production of a progressive intracranial hypertension causes a steady rise in CBV. This is associated with a maintenance of near normal CBF and presumably reflects a dilation of cerebral resistance vessels. This capacity of cerebral vessels to dilate is exhausted when the CPP falls below 30 torr (ICP greater than 70 tort). Consequently, when CPP falls below this level CBV fails to increase further, CBF declines, and CO2 reactivity is lost. The restoration of CPP to normal following a period of acute intracranial hypertension is associated with a transient (30 to 60 min) period of reactive hyperemia characterized by a significantly increased CBV and to a lesser extent, elevated CBF.
This study confirms the observations of Miller, et al., 2~ that the lower limit of CBF autoregulation is significantly less with acute intracranial hypertension (CPP ~ 30 torr) than with systemic hypotension (CPP ~ 80 torr). The reason for this apparent additional degree of protection present with intracranial hypertension remains unclear.
The role of the CBV in situations associated with increased ICP, such as severe head trauma, remains unclear. Data from this study suggest that CBV is increased under R. L. Grubb, Jr., et al. 
